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ference of thermal current converters re-
lies on multijunction thermal converters as
the primary standards, and various ther-
mal converters and thermoelements (TEs)
as the reference and working standards.
Calibrations are performed by comparing
the ac-dc difference of a customer’s ther-
mal current converter to the ac-dc differ-
ence of a NIST standard current con-
verter. Typical artifacts accepted for
calibration include single-junction ther-
moelements, multijunction thermal convert-
ers, and transfer shunts for use with TEs.
This paper describes the standards on
which the calibration service is based

and the results of the study to characterize

guency range from 50 kHz to 100 kHz at
currents from 1 mA to 20 A. The general
method for the frequency extension at high
frequency involves the use of thermoele-
ments in the 5 mA range, with small fre-
guency dependence, as the starting point
for build-up and build-down chains to cover
the whole range from 1 mA to 20 A.
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1. Primary Standards

The NIST primary standards of ac-dc difference for primary MJTCs, i.e., from 10 kHz to 50 kHz, relies on
current are multijunction thermal converters (MJTCs). the frequency flatness of the ac-dc difference for se-
The primary MJTC group consists of six converters lected, specially constructed, single-junction thermoele-
with rated heater currents ranging from 5 mA to 50 mA. ments. The single-junction thermoelements (TEs) which
The ac-dc differences of these MJTCs are believed to bewere chosen for use in extending the frequency up to 50
below 0.5pA/A at frequencies ranging from 30 Hz to  kHz, and the methods of characterization, have been
10 kHz. Detailed descriptions of the primary MJTCs described before [1,3]. Single-junction TEs were also
and the results of their intercomparisons have been pub-chosen for this project to extend the ac-dc difference
lished previously [1,2]. characterizations up to 100 kHz because they have a
much simpler structure than the MJTCs and can be
constructed to have smaller reactances and therefore
wider frequency ranges.

Four 5 mA TEs, identified as FXFY,, FA, and FB,

The existing characterization of thermal current con- have been compared as current converters up to 100 kHz
verters (TCCs) for frequencies above the range of the by one of two methods. In the first method, the heaters

2. Extension to 100 kHz
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of the two TEs are connected in series using intercon- rent. Furthermore, in any structure where currents di-
nection wiring intended to minimize any leakage cur- vide, such as a shunt in parallel with a TE, it is never
rent. This arrangement may suffer from bead-effect er- possible to make the ac current division identical to the
ror, as described by Hermach [1], so a second methoddc current division at all frequencies since the ac divides
was also used. In this method, the two TEs were assem-according to impedance ratios and the dc according to
bled in coaxial structures with two nearly identical 5.6 resistance ratios.
kQ resistors in series with the heaters to form thermal  For currents at 250 mA and below, the standards are
voltage converters and the resistor-TE combinations single-junction, vacuum thermoelements. Many of these
compared as such. In this arrangement, the TEs areTEs are specially constructed with Evandhineaters.
working as current converters, so ac-dc differences for For currents from 500 mA to 20 A, special air-mounted
current are obtained. The series resistors were chosen tdhermoelements with thermally lagged heaters and ther-
have very small differences in reactance; by interchang- mal compensation are used [8]. A diagram of a typical
ing them and taking the average, the residual reactancehigh-current TE is shown in Fig. 1. For the highest
errors are nearly eliminated. currents, tubular heater structures are used because of
skin effect. Electrically insulated, thermal compensa-
tion straps between the thermocouple output leads and
3. Extension of Current Ranges the heavy terminal blocks on the ends of the heater
significantly reduce the variation in output emf due to
The characterization of standard TCCs at higher and the thermal drift and warm-up of the heater and ambient
lower currents is based on a process of build-up and temperature variations. A summary of the approximate
build-down through the current levels. These methods characteristics for the TEs in both the reference and
have been described previously [1,3,4] and will only be working sets is given in Tables 1a and 1b.
summarized in this paper. Range-to-range intercom- For this work, one transfer shunt was used in the
parisons have been made by techniques employing inter-build-up path at th 6 A level. This 6 A shunt was of a
connection arrangements essentially the same as thosapecial design and has been studied carefully [3].
described above for the frequency extension [1,3,6]. For
lower current ranges, two TEs were compared in series
and then connected in parallel using two nearly identical 5. Results
resistors to make the currents sufficiently matched in
phase [1]. For this method, the TEs are used at or near Typical results of the build-up process for the inter-
their rated current so current-level dependence is essencomparison of the reference standards from 5 mA to 20
tially eliminated from the characterization process. At A are given in Fig. 2 for 100 kHz. The arrows point to
higher currents, generally greater than a few tens of the converters in the “test” position, and the measured
milliamperes, TEs of different ranges were compared in ac-dc differences are given in microamperes-per-am-
series at current levels suitable for the lower range TE. pere (A/A). Generally the comparisons were made at
Level dependence was tested by making comparisons athe rated current for the lower of the two converters. At
multiple levels and by cross checks between different the 1 A level, the converter that was used to perform the
build-up paths. build-up failed shortly after the measurements and is no
longer available. That converter is represented by the
blank box covered by converter \WI-1, the unit
4. NIST Reference and Working presently in the set. The ac-dc difference of ¥AT:1
Standards varies more with the level of the applied current than the
previous converter, so the most recent data taken with
Although NIST does use some current shunt-TE com- the missing converter is being used. Steps are being
binations as check standards and transfer standards, estaken to better characterize the existing units or to re-
sentially all reference and working standards are ther- place them with new converters.
moelements. As standards, TEs are inherently superior
to shunts because they have smaller structural reactance&cCertain commercial equipment, instruments, or materials are identi-
and stray impedances and may be less affected by therdied in this paper to foster understanding. Such identification does not
mal drift. These characteristics yield ac-dc differences imply recommendation or endorsenje_nt by the National In_stitute of
. . Standards and Techlogy, nor does it imply that the materials or
which are genera"y ﬂ.atter with frequency and IF."SS de- equipment identified are necessarily the best available for the purpose.
pendent on surrounding structures and operating cur-
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Fig. 1. Diagram of a typical high-current TE for currents from 500 mA to 20 A. These TEs are
specially constructed with low-inductance, return-current conductors; thermally-lagged, Evanohm
heaters; and thermal compensation.

Table 1a. Characteristics for low-current thermoelements. All heaters are Evanohm wire mounted in vacuum.
All thermocouples are chromel-constantan. Bead insulation resistancefs(1@r all of the thermoelements

Range Heater Thermocouple Output emf Reversal Time

(mA) resistance (@) resistance () (mV) error LA/A) constant (s)
5 50 to 60 810 13 11 50 <2
10 30 to 40 7t08 9 220 <2
20 20 to 25 3to5 9 250 <2
30 6to7 3to5 9 240 <2
50 3to4 3to5 9 100 <2
100 1to2 3to5 10 140 <2
250 0.5t0 1.0 2to 4 11 130 <3

Table 1b. Characteristics for high-current thermoelements. Heaters are Evanohm wire up to 10 A. The heaters
for 10 A and 20 A are tubes formed from Evanohm strip. All thermocouples are chromel-constantan. See Fig.
1 for a typical design. Bead insulation resistance is'*fDfor all of the thermoelements

Range Heater Thermocouple Output emf Reversal Time
(mA) resistance(Q) resistance Q) (mV) error (WA/A) constant (s)

0.5 0.5 10to 11 9 30 <2

1.0 0.2 10 to 11 13 75 <2

2.0 0.1 9to 11 12 80 <2

3.0 0.06 9to 16 11 150 <2
10.0 0.02 14 to 16 9 150 <2
20.0 0.008 11to 14 10 80 <2

Typical results for a second build-up process using the build-up methods, a direct comparison between the
the working standards from 0.5 A to 20 A and a second reference standards and the working standards at rated
set of backup reference TEs from 5 mA to 250 mA are current was performed. Figure 4 presents the ac-dc dif-
shown in Fig. 3. The regular working standards for 250 ferences measured for the working standards as a result
mA and below are switch selected and are all located in of this direct comparison. The step from 250 mA to 500
the same box; therefore it is not possible to measure mA is shown as a dashed line in Fig. 3 because this
them in a build-up process. To confirm the accuracy of involved, for convenience, the measurement of an inter-
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Fig. 2. Results of the build-up process for the intercom-
parison of the reference standards from 5 mA to 20 A at
100 kHz. The arrows point to the converters in the “test”
position, and the measured ac-dc differences (shown in
parentheses) are given in microamperes per ampere
(rAJA). At the 1 A level, the converter that was used to
perform the build-up failed shortly after the process and
is no longer available. That converter is represented by
the blank box covered by converter WZI-1, the unit

presently in the set.

different build-up paths.

mediate converter. A converter which is presently un-
available was used atehl A level, as described in the
above paragraph. The unit now in the set is shown in the
box as WX¥:7-1. Converter W#7-1 is shown with

P N N N A R

Fig. 3. Results for a second build-up process using the working
standards from 0.5 A to 20 A combined with a second set of backup
reference TEs from 5 mA to 250 mA. The step from 250 mA to 500
mA is shown dashed because the comparison involved, for conve-
nience, the measurement of an intermediate converter. A converter
which is presently unavailable was used & 1hA level, and the unit
now in the set and shown in the box is WI-1. The ac-dc differences

Primary
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* Reference Set Il
In Box
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5 mA \" ““““““““““
s B10EP5
““““““ T 10 mA
(-4.6)
W25E2
25 mA
(-6.3) W50E2
50 mA
W100E2 (-6.3)
100 mA
(-7.1) W250E3
250 mA
““““““““““ (-15.9)
WO0.5#0-2
05 A | NCTTTToTTrmmTRemEes
(-26.3)
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2A
(-52.0) W3#9-1
3A
— (-97.8)
6 A
(+65.1) W10#0-3
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are given inpA/A.

6. Uncertainty Analysis

The analysis and combination of uncertainties for this
work have been done according to NIST Technical
- v e ! Note 1297 [7]. The uncertainty analysis for the 5 mA

slightly different values in Figs. 2 and 3 owing tothe tWo  TE< that were used as primary standards for the fre-

quency extension up to 100 kHz is described in detail in
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10 mA (+2.7)
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25 mA 20 mA (+11.9)
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10A [ ™10 A (-16.4)
W20#7-1 W20#1-2

20 A B 50 A (-24.3)

Fig. 4. Crossover or direct comparison between the reference standards and the working standards

at rated current, imA/A.

Ref. [1]. Both the type A uncertainties (those evaluated ments.” The table contains contributions for both type A
by statistical means) and the type B uncertainties (thoseand B uncertainties including:

evaluated by other means) are described in Ref. [1]. For

these primary thermoelements, the final root-sum- o
square combination and expanded uncertainty, for a cov-+

erage factor ok = 2, are given as the primary standard

elements in Table 2. Included in this analysis were:

« contributions for the NIST primary standard multi-
junction thermal converters at frequencies up to 10

kHz;

« contributions for the characterization of the reference

standards up to 50 kHz;

« pooled standard deviations for characterization of ref-

erence standard thermoelements;

« contributions to the variation of ac-dc difference with
frequency to 100 kHz for reference TEs including
current definition, skin effect, and bead-effect error.

tion of the group termed “reference standard thermoele-

pooled standard deviations for the comparator;
uncertainties for the comparator system;

variation of ac-dc difference with current level,
contributions to the ac-dc difference from dielectric
loss in the insulating bead and from RF pickup;
variation in ac current due to proximity effect;
reproducibility of circuit and current configuration
from one physical assably to the next.

The uncertainty for each step is calculated as the square
root of the sum-of-the-squares (RSS) of these contribu-
tions and thé = 1 RSS uncertainty of the previous step.

Table 3 gives the summary of the uncertainty analysis

for the characterization of working standards by direct
comparison to a reference standard, called a crossover
measurement, rather than by a build-up process. The

Table 2 also gives the summary of the uncertainty table contains contributions for both type A and B un-
analysis for the build-up process and the characteriza- certainties including:
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Table 2. Uncertainty analysis (imA/A) for NIST ac-dc difference reference standards. The uncertainties are given to the neapest/Ofar
consistency, but this precision may not always be significant or meaningful

Pooled stand- Comparator Variation Bead & RFI Proximity Repro- RSS Expanded
ard deviation and sources with level effect ducibility uncertainty uncertainty
Primary 0.7 1.4

5 mA 15 1.2 1.2 2.9 1.2 4.6 6.1 121
10 mA 1.5 1.2 1.2 2.9 1.2 4.6 8.5 17.1
25 mA 1.5 1.2 1.2 2.9 12 4.6 10.4 20.9
50 mA 1.5 1.2 1.2 2.9 1.2 4.6 12.0 24.1
100 mA 15 1.2 1.2 35 1.7 5.8 141 28.2
250 mA 2.0 1.2 1.2 35 1.7 5.8 16.0 31.9
500 mA 2.0 1.2 1.2 35 1.7 5.8 17.6 35.2
1A 2.0 1.2 1.2 35 1.7 6.9 195 39.0
2A 2.0 2.3 2.9 4.0 2.9 6.9 21.7 43.3
3A 2.0 2.3 2.9 4.0 2.9 8.1 24.0 48.1
6 A 2.0 2.3 2.9 4.0 2.9 8.1 26.2 52.3
10 A 3.0 2.3 4.0 4.6 4.0 115 29.7 59.5
20 A 3.0 2.3 4.0 4.6 4.0 14.4 34.1 68.1

Table 3. Uncertainty analysis (inA/A) for NIST ac-dc difference working standards. The uncertainties are given to the nearp#t/. for

consistency, but this precision may not be significant or meaningful

Reference  Pooled stand- Comparator Working Bead & RFI  Proximity Repro- RSS Expanded
RSS ard deviation  and sources  standard effect ducibility  uncertainty  uncertainty
1 mA 6.1 3.0 2.3 4.0 4.0 1.2 8.1 12.2 245
2.5 mA 6.1 1.5 1.2 1.7 29 1.2 4.6 8.6 17.2
5 mA 6.1 15 1.2 1.7 2.9 12 4.6 8.6 17.2
10 mA 8.5 1.5 1.2 1.7 29 1.2 4.6 10.5 21.0
25 mA 10.4 1.5 1.2 1.7 2.9 1.2 4.6 121 24.2
50 mA 12.0 1.5 1.2 1.7 29 1.2 4.6 13.5 27.0
100 mA 141 1.5 1.2 1.7 35 1.7 5.8 15.9 31.9
250 mA 16.0 1.5 1.2 1.7 3.5 1.7 5.8 17.6 35.2
500 mA 17.6 1.5 1.2 2.3 35 1.7 5.8 19.2 38.4
1A 19.5 15 1.2 2.3 35 1.7 6.9 21.3 42.5
2A 21.7 2.0 2.3 2.3 4.0 29 6.9 23.6 47.2
3A 24.0 2.0 2.3 29 4.0 29 8.1 26.2 52.3
5A 26.2 2.0 2.3 2.9 4.0 29 8.1 28.2 56.3
10 A 29.7 3.0 2.3 4.0 4.6 4.0 115 329 65.9
20 A 34.1 3.0 2.3 4.0 4.6 4.0 14.4 37.9 75.7
* pooled standard deviations for the comparator; contributions for both type A and B uncertainties in-
« uncertainties for the comparator system; cluding:

« stability of the working standard TE;

« contributions to the ac-dc difference from dielectric
loss in the insulating bead and from RF pickup; .

« variation in ac current due to proximity effect;

« reproducibility of circuit and current configuration
from one physical assably to the next. .

The uncertainty for each step is calculated as the squaree
root of the sum-of-the-squares (RSS) of these contribu-
tions and thé = 1 RSS uncertainty of the previous step.
Table 4 gives the summary of the uncertainty analysis ¢
for the measurement of a client’s transfer shunt by direct
comparison to a working standard. The table contains

80

pooled standard deviations for the comparator;
uncertainties for the comparator system including
variations in measured data associated with different
ac current sources;

uncertainty of the definition of the shunt's character-
istics;

contributions to the ac-dc difference from dielectric
loss in the insulating bead and from RF pickup;
variation in ac current due to proximity effect;
uncertainty due to thermal drift of shunt’s characteris-
tics during measurement.
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Table 4. Uncertainty analysis (innA/A) for customer current shunt calibrations. The calculations are shown to the neargsfM& Ifor
consistency, but rounded to the neanesfA for the final expanded uncertainty

Working  Pooled stand-  Comparator  Definition  Bead & RFI  Proximity ~ Thermal RSS Expanded

standard ard deviation and sources effect drift uncertainty  uncertainty
1 mA 16.1 2.0 4.0 1.7 4.0 2.3 1.2 175 35
25 mA 13.6 15 2.3 17 2.9 2.3 12 14.5 29
5 mA 13.6 15 2.3 1.7 2.9 2.3 1.2 145 29
10 mA 18.1 15 2.3 17 2.9 2.3 12 18.8 38
25 mA 21.8 15 2.3 1.7 2.9 2.3 1.2 223 45
50 mA 24.9 15 2.3 17 2.9 2.3 12 254 51
100 mA 29.2 2.0 4.0 2.3 35 35 2.3 30.1 60
250 mA 32.8 2.0 4.0 2.3 35 35 2.3 33.6 67
500 mA 36.0 2.0 4.0 2.3 35 35 2.3 36.8 74
1A 39.9 2.0 6.9 35 35 5.8 35 41.4 83
2A 443 3.0 6.9 35 4.0 5.8 35 45.8 92
3A 49.2 3.0 11.5 5.8 4.0 11.5 8.7 53.1 106
5A 53.4 3.0 14.4 5.8 4.0 14.4 8.7 58.3 117
10 A 61.1 3.0 23.1 11.5 4.6 23.1 14.4 71.9 144
20 A 70.1 3.0 26.0 14.4 4.6 26.0 23.1 83.9 168

Table 4 reflects the fact that the behavior of transfer agreement between the two methods, all valuegi of
shunts at 100 kHz differs considerably from that of would be 0. The discrepancy between the two build-up
thermoelements. For example, the build-up process for paths is well below the working standard uncertainty in
shunts is in general less reliable than for TEs. The per- all cases which is itself smaller than the uncertainty
formance of shunts is more dependent on the stray provided in a calibration test report, as given in Table 4.
impedances to ground. Shunts also display relatively Determinations of ac-dc difference for thermal cur-
minor, but quite observable, variations in ac-dc differ- rent converters and transfer current shunts at 100 kHz
ence as a function of the specific ac source used. Asrequire extra attention to good measurement practices.
might be expected, this dependance on the ac sourceFor example, in all such measurements every connection
increases with current level and frequency. The analysis in the current circuit must be screwed down tightly and
in Table 3 includes allowances for these variations which maintained tight throughout the process; otherwise the

are the subject of continuing study. results are unstable. On ranges above about 2 A, the
The final, expanded uncertainties shown in Tables 2, delay time between switching and data collection must
3, and 4 were calculated with a coverage factok of2 be increased from about 30 s to 40 s, to around 40 s to

for each of the above analyses and are plotted together in60 s, to allow the sources and measurement system to
Fig. 5. To show how the variations between the two settle. The increased measurement difficulties and er-
build-up paths used to characterize the standards com-rors at the current and frequency extremes are evident in
pare to the calibration service uncertainties developed in the escalation of the uncertainties as shown in Fig. 5.
this paper, the quantityt was calculated from the equa-
tion
7. Conclusion

A=8c— (6w =), 1)

The NIST thermal current converter standards have
whereA represents the closure of the two paghis the been characterized for currents up to 20 A at 100 kHz.
uncorrected ac-dc difference of the crossover measure-The uncertainties for calibrating current converters and
ment,d,, is the ac-dc difference assigned to the working transfer shunts have been calculated using the root-sum-
TCC by the working converter build-up path, aéds square approach in accordance with the requirements of
the ac-dc difference of the reference TCC assigned by NIST and the Comiténternational des Poids et Mesures
the reference converter build-up path. The expanded (CIPM). These new uncertainties will be available for
uncertainties for the working standard TCCs along with routine calibrations in the near future.
the closure between the two build-up paths are pre-
sented in Table 5 and plotted in Fig. 6. For perfect
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Fig. 5. Final, expanded uncertainties @#/A) for thermal current converters at 100 kHz, calculated with
a coverage factor df = 2, plotted together.
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Fig. 6. Expanded uncertainties (wA/A) for the reference standards plotted with the closure between the
buildup paths.
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Table 5. Calculated uncertainty and closure of the crossover mea-
surements between the two buildup paths

Applied current Expanded Closure of
uncertainty (LA/A) crossover LA/A)

25 mA 18 -2
50 mA 22 —4
100 mA 25 +6
250 mA 28 +2
500 mA 32 -7
1A 36 -5
2A 39 0
3A 43 +5
5A 48 -1
10 A 53 +9
20 A 57 +24
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